Investigation of Scaling Effects for a Synthetic Jet Actuator Using High and Low Fidelity Analyses by Bourlier, Amandine
Theses - Daytona Beach Dissertations and Theses 
Fall 2010 
Investigation of Scaling Effects for a Synthetic Jet Actuator Using 
High and Low Fidelity Analyses 
Amandine Bourlier 
Embry-Riddle Aeronautical University - Daytona Beach 
Follow this and additional works at: https://commons.erau.edu/db-theses 
 Part of the Aerospace Engineering Commons 
Scholarly Commons Citation 
Bourlier, Amandine, "Investigation of Scaling Effects for a Synthetic Jet Actuator Using High and Low 
Fidelity Analyses" (2010). Theses - Daytona Beach. 12. 
https://commons.erau.edu/db-theses/12 
This thesis is brought to you for free and open access by Embry-Riddle Aeronautical University – Daytona Beach at 
ERAU Scholarly Commons. It has been accepted for inclusion in the Theses - Daytona Beach collection by an 
authorized administrator of ERAU Scholarly Commons. For more information, please contact commons@erau.edu. 
Embry-Riddle Aeronautical University 
Aerospace Engineering Department 
Investigation of Scaling Effects for a Synthetic Jet Actuator 
using High and Low Fidelity Analyses 
by 
Amandine Bourlier 
Daytona Beach, Florida 
Fall 2010 
UMI Number: EP33511 
All rights reserved 
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent on the quality of the copy submitted. 
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed, 
a note will indicate the deletion. 
JJMI_ 
Dmm\M\or\ PubMmg 
UMI EP33511 
Copyright 2012 by ProQuest LLC. 
All rights reserved. This edition of the work is protected against 
unauthorized copying under Title 17, United States Code. 
ProQuest LLC. 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346 
Investigation of Scaling Effects for a Synthetic Jet Actuator 
using High and Low Fidelity Analyses 
by 
Amandine Bourlier 
This thesis was prepared under the direction of the candidate's thesis committee chairman, Dr. 
Vladimir Golubev, Department of Aerospace Engineering, and has been approved by the members of 
his thesis committee. It was submitted to the Aerospace Engineering Department and was accepted 
in partial fulfillment of the requirements for the degree of the Master of Science in Aerospace 
Engineering. 
THESIS COMMITTEE 
Dr. Vladimir Golubfv, Chairman 
Dr. Hany Nakhla, Member 
Dr. Reda Mankbadi,*Member 
Dr. Jean-Michel Dhainaut, Member 
uC-&£s U4L-^K^ ^> 
Jr. Habib Eslami, Department Chair, Aerospace Engineering 
Dr. Richard Heist, Executive Vice President and Chief Academic Officer 
l^/io/io 
Date 
tZ. /to/zo 
Date 
1 
To my mother 
Acknowledgements 
I would like to express special thanks to my thesis advisor Dr. Vladimir Golubev, whose encour-
agement, guidance and support enabled me to develop an understanding of the subject. 
I also would like to thank, for their assistance in preparing this manuscript, my thesis committee 
members, Dr. Read Mankbadi, Dr. Jean-Michel Dhainaut and particularly Dr. Hany Nakhla 
whose advice and practical suggestions were crucial to the successful outcome of this thesis. 
I also want to thank Matias Oyarzun for sharing research documents and for helping me using 
them. 
Finally I would like to show gratitude to my friends and family either from the CFD laboratory for 
helping me in using software or outside from it for providing support and encouragement needed 
to complete this task. 
Abstract 
Author: Amandine Bourlier 
Title: Investigation of Scaling Effects on a Synthetic Jet Actuator 
Institution: Embry-Riddle Aeronautical University 
Degree: Master of Science in Aerospace Engineering 
Year: 2010 
This research presents an investigation on the scaling effects for synthetic jet actuators using Ansys-
CFX and a Lumped Element Model (LEM). Synthetic jets or zero net mass-flux devices use a 
vibrating diaphragm to generate an oscillatory flow through a small orifice. A synthetic jet actuator 
can be used on MAVs as thrust generator or fixed on an airfoil for flow separation control. 
A Computational Fluid Dynamics (CFD) model was created, using Ansys-CFX, to be validated 
against referred publications. The use of mesh adaption is discussed. This baseline model was 
then used to complete a scaling analysis using a set of geometries. The average velocity and the 
thrust at the orifice were controlled values. The Lumped Element Model (LEM) was employed 
to create a model comparable to the baseline CFX model. Discussion about the way of using the 
LEM is provided. Another scaling analysis was conducted using the LEM and optimal excitation 
parameters of the actuator were found. Finally a test case was conducted with both models, velocity 
profile was extracted for future use in an application of controlled separated flow over an airfoil 
using an actuator and optimal excitation parameters were obtained. 
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Chapter 1 
Introduction 
1.1 Definition Synthetic Jet Actuators 
Cattafesta and Sheplak [1] provides a classification of actuator types. The fluidic type uses fluid 
injection or suction and is divided into Zero-Net Mass-Flux (ZNMF), also called synthetic jet 
actuators, that ingest and expel fluid through an orifice using only the working fluid and no ex-
ternal source, and non-zero mass-flux devices that require a fluid source. The previous ones can 
range in scale from conventional macroscale to submillimeter-scale microjets. In this study, we are 
considering effects of scaling synthetic jet actuators. 
The actuator as viewed by Cattafesta et al. is similar to a sensor except that the mechanism is 
reversed. Actuators are transducers that convert an electrical signal to a desired physical quantity. 
For example the actuator gain [m.s~l/V] is the inverse of the sensor sensitivity [V/m.s"1]. On the 
other hand, sensors are required to be linear whereas nonlinearities are often exploited in actuator 
design to increase their performance. 
Synthetic jet actuators consist of a jet orifice opposed on one side by an enclosed cavity, whose lower 
boundary, a diaphragm, oscillates about its equilibrium position in a periodic manner (Figure 1.1). 
The principle of operation of the micro-devices based on acoustic streaming consists of ambient 
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Figure 1.1: Synthetic Jet Actuator 
fluid entering and exiting the cavity through the jet aperture (Figure 1.2). The upward motion of 
the boundary produces flow, which separates at the sharp edges of the orifice and rolls into parallel 
vortices on either side as the fluid is ejected from the cavity. These vortices then begin to propagate 
away from the orifice under their own self-induced velocity (Figure 1.3). ([2]) 
n 
Figure 1.2: Inflow (left) and Outflow (right) of a Synthetic Jet Actuator 
A synthetic jet actuator can use piezoelectric or electrodynamic configurations. The primary advan-
tages of piezoelectric transduction are low-power requirements, rapid time response, high frequency, 
easily control and its small size. 
Because those jets are formed entirely from the working fluid of the flow system, they can transfer 
2 
linear momentum to the flow system without net mass injection across the flow boundary. The 
resulting train of vortex pairs has a time mean streamwise velocity profile that is similar to that of 
a steady jet. But depending on the flow symmetry and the repetition rate, the dynamics and inter-
actions of the vortices within a pulsed jet can lead to spatial evolution that is remarkably different 
from the evolution of a continuous jet having the same orifice and time-averaged flux streamwise 
momentum. 
oscMatng diaphragm 
Figure 1.3: Schematic of a Synthetic Jet Actuator 
A bimorph design consists of two identical piezoelectric layers positioned symmetrically about the 
neutral axis. The unimorph configuration on the other hand has a single layer placed with an offset 
from the beam's neutral axis to generate a bending moment to drive the actuator. 
A ZNMF actuator is a coupled, nonlinear, two-degree-of-freedom oscillator with two characteristic 
frequencies as it will be described in Chapter 5. 
1.2 Context 
The minimal energy requirements to power a synthetic jet actuator as well as the fact that they 
do not require a supply of injected fluid, allows these devices to be used in various applications, 
3 
like lift generation and drag reduction, control of vortices, and control of the boundary layer of an 
airfoil to delay stall on airfoils. 
More recently, synthetic jet actuators have also been investigated for applications on micro-air 
vehicles as micro-jet propulsion. This last application has been specifically targeted in this project. 
In particular, the optimization of synthetic jet actuators could lead to the design of Micro Air 
Vehicles (MAV) equipped with array of synthetic jets for a complete control of the vehicle [3]. 
To limit the number of synthetic jets that would be installed, each synthetic jet has to provide 
sufficient thrust. Therefore it is important to consider the most efficient configuration for a synthetic 
jet actuator. 
1.3 Previous Research 
Experimental Studies Several experiments were conducted to observe the boundary layer sep-
aration control with synthetic jets. McCormick [4] observed the resistance of the boundary layer to 
separation on an airfoil using a directed synthetic jet where the neck is curved in the downstream 
tangential direction. 
Whitehead and Gursul [5] also observed the interaction of the synthetic jet actuator placed at the 
trailing edge of an airfoil and the flow. The effects of excitation frequency, momentum coefficient, 
angle of attack and Reynolds number were studied in detail. 
Smith and Glezer [6] investigated the flow characteristic of high aspect ratio synthetic jet actuators 
and their application to thrust vectoring and direct excitation of small scale motions in a con-
ventional rectangular air jet. This study is the experimental work that was later used to validate 
computational model developed by Rizzetta et al. [2]. 
C F D Research The 2004 Computational Fluid Dynamics Validation Workshop on Synthetic Jets 
[18] investigated synthetic jet in various configurations. It pointed out that there were no single 
CFD technique more efficient than other ones. However, Rumsey [7], in a later review, singled out 
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Large Eddy Simulation (LES) as the most accurate approach. During the Workshop, a wide variety 
of turbulence models were employed. Several observations were made during this Workshop. First, 
most CFD methods were second order in space and time and using a higher order didn't appear to 
be beneficial to the cases. Then simulating the synthetic jet into quiescent air was described as a 
difficult experiment to simulate because the flowfield was mostly laminar or transitional and it was 
unclear how to best simulate it. Finally, the piezoelectric driver was difficult to model using CFD 
because it moved "like a drum" and not "like a rigid piston". Also, a deviation from periodicity 
in the velocity near the jet exit was not completely simulated or captured by the CFD results and 
caused specific phase results to be misaligned. Overall, for synthetic jets, it was concluded that 
CFD can qualitatively predict the flow physics but there is some uncertainty regarding how to best 
model the unsteady boundary conditions from the experiment consistently. 
Rizzetta, Visbal and Stanek [2] investigated, by direct numerical simulation, synthetic jet flowfields 
that are similar to the ones studied experimentally by Smith ad Glezer [6]. The flowfield within 
the actuator cavity and the exterior to it are described numerically by obtaining solutions to 
the unsteady compressible Navier-Stokes equations. Solutions for the external jet flowfields are 
considered in both two and three spatial dimensions employing a high-order implicit compact finite-
difference scheme. They admit that despite the fact that the computations were able to simulate 
the entire actuator flowfield, including the internal cavity, the configuration that was proposed 
did not correspond identically to the arrangement of Smith and Glezer. Comparison of numerical 
results with the experimental data allowed to conclude that the results found for the time-mean 
velocity profiles for 2D and 3D simulations agreed well with the experiment. 
Mankbadi [8] conducted a large-scale simulation of Navier-Stokes equation that explain how syn-
thetic jet can produce momentum but zero mass. High order boundary conditions are imple-
mented. 
Low-Fidelity Analyses Lockerby and Carpenter [9] created a computational model of an ac-
tuator, modeling the diaphragm using the classical thin-plate theory and not modeling the fluid 
motion in the cavity but applying instead a pressure using the perfect gas law. This model was 
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successfully validated with experimental data. It was used for the investigation of the effect of 
changing the actuator geometrical and operating parameters on the magnitude of the jet peak 
velocity at the orifice exit by Tang and Zhong [10], who also noted on constraints on the size of the 
orifice compared to the size of the cavity or the airfoil. 
Gallas et al. ([11] and [12]) constructed an equivalent circuit model of the problem by lumping 
the distributed energy storage and dissipation into ideal generalized one-port circuit elements. 
The coupling between the various energy domains of a synthetic jet (electrical, mechanical and 
fluidic/acoustic) is realized. This model was applied to two prototypical synthetic jets and found 
to provide very good agreement with the measured performance. This Lumped Element Model 
(LEM)becomes a tool for optimization of synthetic jet actuators and details of currently employed 
LEM are provided below in Chapter 5. 
Mankbadi and Golubev [13] examined a quasi-2D model to predict the acoustic phenomenon and 
related micro-jet thrust generation in a synthetic jet actuator. The model was successfully validated 
with experiemental data. 
1.4 Current Research 
In this thesis, a CFD model using Ansys-CFX and based on Rizzetta et al.'s validation actuator is 
created. This model is showing comparable results and is then used for a scaling analysis using a 
set of the geometries. The LEM by Gallas [14] is used to create a model comparable to the baseline 
CFX model that is compared to Rizzetta's model. The effect of scaling is then investigated using 
the LEM. Finally, both models are used to predict velocity profile and optimal cavity excitation 
parameters. 
G 
Chapter 2 
Computational Fluid Dynamics 
2.1 Navier-Stokes Equations 
A flow is inviscid if the dissipative, transport phenomena of viscosity, mass diffusion and thermal 
conductivity are neglected. In this case, the Euler equations apply. 
On the contrary, a flow is viscous when the transport phenomena of friction, thermal conduc-
tion, and/or mass diffusion are included. Navier-Stokes equations are then used for unsteady, 
3-dimensional, compressible, viscous flows. They include the continuity equation, the momentum 
equation and the energy equation under their non-conservative or conservative form. 
For an incompressible flow as it is the case here, the density p is constant. So the continuity 
equation is 
V-Vr = 0 (2.1) 
Assuming that the density p and the dynamic viscosity // are constant values throughout the flow 
and there is no body forces and external heat addition, the momentum equations can be written 
in their non-conservative form as follows 
P ^ = -Vp + »V2V (2.2) 
where — = — + VVV (2.3) 
The energy equation for incompressible flow is 
DT 
P
~Di = ^ T + * (2>4) 
where <fr represents the body forces 
The temperature appears only in the continuity et momentum equations. Therefore, the energy 
equation can be uncoupled from the two others (continuity and momentum equations) and it is not 
necessary to solve it if the fluid properties are independent of the temperature. 
These equations govern the flow in this research. 
2.2 Boundary Conditions 
2.2.1 No-slip Condition 
The boundary condition on a surface assumes zero relative velocity between the surface and the 
gas immediately at the surface (no-slip condition). 
u = v = w = 0 (2.5) 
2.2.2 Near the Wall Flow 
Experiments and mathematical analysis have shown that the near-wall region can be divided in 3 
layers: 
• The innermost viscous layer where the flow is laminar-like and the molecular viscosity plays 
a major role in momentum and heat transfer, 
• The logarithmic layer where turbulence dominates, 
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• The buffer layer situated between the previous regions where the effects of molecular viscosity 
and turbulence are of equal importance. 
The log-law wall-function computes the fluid shear stress as a function of the velocity at a given 
distance from the wall. Contrary to other models that use a wall-function method with empirical 
formulas and relatively coarse meshes, the low-Reynolds-number method resolves the details of the 
boundary layer profile by using very small mesh scales in the direction normal to the wall. The 
"BSL-Reynolds Stresses" turbulence model uses this method. "Low-Reynolds-number" refers to 
the turbulent Reynolds number which is low in the viscous sublayer. This method requires a very 
fine mesh in the near-wall zone. 
2.2.3 Wall Temperature 
If a temperature (Tw) is applied to the surface then the fluid layer immediately in contact with the 
surface is also T^. 
If the temperature at the wall is changing as a function of time due to aerodynamic heat transfer 
to or from the surface, then the boundary condition at the surface is provided by the Fourier law 
of heat conduction (Equation 2.6). qw and T^ are affecting each other. 
tt = " T (2-6) 
When the wall temperature is such that there is no heat transfer to the surface (qw = 0), then the 
wall is adiabatic. 
(f). = 0 (2.7) 
2.3 Turbulence Models 
Besides the laminar model that doesn't apply any turbulence model to the simulation and is only 
appropriate for laminar flow, Ansys-CFX includes different turbulence models that each apply for 
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a specific type of flow. 
Two equation turbulence models described here (k — e and k—u/) are widely used as they offer a good 
compromise between numerical effort and computational accuracy. The two transport equations 
solve for the turbulent kinetic energy and the dissipation rate. 
The k — e model have been implemented in most general purpose CFD codes and is considered 
the industry standard model because it is stable and numerically robust. In CFX, it uses the 
scalable wall-function approach to improve robustness and accuracy when the near-wall is very fine. 
Although it provides good predictions for many flows of engineering interest, some applications are 
not suitable like flows with boundary layer separation, flows with sudden changes in the mean strain 
rate, flows in rotating fluids or flows over curved surfaces. 
Reynolds Stress models include the effects of streamline curvature, sudden changes in the strain rate, 
secondary flows and buoyancy. Based on transport-equations for the individual components of the 
Reynolds stress tensor and the dissipation rate, Reynolds Stress models models have shown superior 
predictive performance. The higher degree of universality of these models implies a higher degree of 
complexity, increasing the required computational effort. However for some cases Reynolds Stress 
models are not superior to two-equation models and CFX advises to use a two-equation model like 
the BSL Reynolds Stress Model for wall-bounded flows. 
The UJ—based Reynolds Stress Model is an inheritance from the 6—equation but solving for the 
specific dissipation rate {u = £). To avoid issues such as the low prediction accuracy of flow 
separation or the complexity of Low-Reynolds number formulations combined with also complex 
Reynolds Stress Model formulations, a Reynolds Stress has been implemented using the UJ—equation 
instead of the 6—equation as the scale-determining equation. The Baseline Reynolds Stress is one 
of these models. 
2.4 Transient Scheme 
The transient scheme defines the discretization algorithm for the transient term. 
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The first order backward Euler scheme in an implicit time-stepping that is first order accurate. 
Its behavior is analogous to the upwind differencing scheme for advection terms and suffers from 
similar numerical diffusion. 
The second order backward Euler scheme is also an implicit-stepping scheme but second order accu-
rate. When running the second order backward Euler scheme, the transient scheme for turbulence 
equations remains first order but the transient scheme for volume fraction equations is set to a 
bounded second order scheme. This scheme is recommended for most transient runs. 
11 
Chapter 3 
Baseline Case Study 
This chapter describes the computational parameters chosen to compare with results by Rizzetta 
et al. [2]. 
3.1 Validation Case 
The work of Rizzetta et al. [2] is originally based upon the experimental investigation of Smith 
and Glezer [6]. The general model of the synthetic jet actuator shown in Figure 3.2 validated their 
numerical predictions against data from Ref. [6]. Case 1 of Rizzetta et al. investigations (Figure 
3.1) for 2D simulations is investigated here. The dimensions of the 2D model are given in table 3.1. 
Rizzeta et al. also created a 3D model where ys = 0.00375 mm. 
Table 3.1: Model Dimensions 
Dimensions 
Cavity Depth (m) zD 0.005 
Cavity Width (m) xL 0.0075 
Orifice Size (m) h = d 0.0005 
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Figure 3.1: Cases Investigated by 
Rizzetta et al. 
Figure 3.2: Model 
Figure 3.3 shows the results they obtained for Case 1 in 2-dimensional analysis. wci represents the 
average velocity. It is calculated at 2 different points: z = 5 and z = 15, i.e. z = 0.0025 mm and 
z = 0.0075 mm where z = 0 mm is the point situated at the exit of the orifice on the centerline. 
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Figure 3.3: Centerline Velocity vs Time 
3.2 Mesh 
3.2.1 Description 
The mesh is divided in 4 portions: 
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• The cavity has a fine mesh especially next to the walls. 
• The environment has a fine mesh near the wall and a coarse mesh in the far field. 
• The bottom zone of the grid is particularly fine to catch property changes in the cavity and 
after the orifice. The vortices that are created develop at the orifice exit and move on the 
orifice centerline axis. 
Figure 3.4: Mesh 
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Table 3.2: Domain Sizes 
Domain Size 
Cavity (1) 151x88 
Environment (2) 88x175 
Center of cavity (3) 151x48 
Orifice (4) 125x48 
Bottom of environment (5) 175x48 
3.2.2 Mesh Adaption 
To enhance the accuracy of jet resolution in the region of rapidly-evolving flow, the simulations 
used a grid improved by mesh adaption. The mesh is improved in locations where the solution 
variables charge rapidly in order to better resolve flow features in these areas. The appropriate 
numbers of nodes are added to the existing mesh. The solution calculated on the older mesh is 
linearly interpolated on the new mesh. 
Figure 3.5 illustrates the improvement on the baseline fine mesh observed in the near-orifice region 
after 50 and 300 steps using the velocity as the specific adaption criteria. The mesh surrounding 
the orifice was significantly refined, especially near the wall of the orifice. The flow velocity in these 
areas varies rapidly. The total number of nodes was increased by 38%. 
Figure 3.5: Near-Orifice Dynamic Mesh Adaption After 50 (Left) and 300 (Right) Time Steps. 
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Using the shear stress criteria, the mesh is significantly refined along the walls and along the sym-
metrical axis where the vortices develop (Figure 3.6). 
Figure 3.6: Mesh Adaption after 100 Iterations 
The following figures illustrates the differences that can be observed when comparing a simulation 
using an adapted mesh and a simulation without using an adapted mesh. Figure 3.7(a) represents 
the two first vortices created with an adapted mesh. Figure 3.7(b) represents the three first vortices 
created with an adapted mesh. We can see that the third vortix using a non adapted mesh still 
creates two vortices at the exit of the orifice. These vortices are then reunified to create only one. 
Figure 3.7(c) shows that after the fourth oscillation, a single vortex is created at the exit. 
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Figure 3.7: Vortices 
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The following graphs show the orifice exit velocity profile when the velocity is maximum. No dif-
ference can be noticed between the 2 graphs. 
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Figure 3.8: Velocity Profile at the Exit of the Orifice 
In conclusion, the adapted mesh allows the simulation to be accurate within the first oscillations 
but the simulation is slower and necessitate other simulations to prepare the adapted mesh. On the 
other hand a non adapted mesh is not accurate in the first oscillations but provides good results 
after a few oscillations. It is advised to use a regular mesh with a correct turbulence model during 
a few oscillations since time gain is not guaranteed. 
3.3 Boundary conditions 
The boundary conditions are defined as follows (Figure 3.9). 
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Figure 3.9: Boundary Conditions 
Inlet The inlet represents the diaphragm. Its oscillation is defined by a sinusoidal inlet velocity 
u(t) described later. 
Opening The outlet is set as an opening with zero relative pressure. 
Walls The walls of the actuator and the walls of the shape are kept adiabatic. They are smooth 
with a no-slip condition applied. 
Symmetry A symmetry by the z-axis is defined by the line going through the center of the inlet 
and the center of the orifice. This provides the other half of the mesh. 
3.4 Properties 
These following properties are apply for all the simulations. 
Table 3.3: Properties 
Property Value 
Density (kg/nr*) 1.352 
Dynamic Viscosity (kg/m.s) 0.00001983 
Reference Velocity (m/s) 22 
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3.5 Input Velocity 
Contrary to Rizzetta et al. that employed a moving boundary to model a piston-type diaphragm 
motion, the current research assumes a fixed diaphragm boundary with a prescribed velocity dis-
tribution. 
Diaphragm Displacement Profile 
The diaphragm's displacement profile is: 
zB = A$in(ujt) (3.1) 
The frequency is 1000 Hz (Rizzetta et al. [2]). So UJ can be calculated: u) = 2nf = 6283.2 rad/s. A 
and u; can be replaced in the previous equation respectively by 0.41 and 6283.2 rad/s: 
ZB = 0.41 cos(6283.1£) (3.2) 
The orifice length is taken as the dimensionalizing factor as in Rizzetta and Visbal. In this case, 
d = 0.0005 m. The dimensionalized displacement becomes: 
zB = 0.000205 cos(6283.1f) (3.3) 
Diaphragm Velocity Profile The velocity is derived from the diaphragm's displacement profile 
(Equation 3.1). 
dz ,
 x , 
— = AUJ cos(ujt) (3.4) 
Replacing UJ and A by their value: 
dz 
— = 0.41 x 6283.1 cos(6283.1^) (3.5) 
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dt 
Finally the dimensionalized velocity becomes: 
dz 
— = 2576.1 cos(6283.1) (3.6) 
u(t) = 1.288 cos(6283.1t) (3.7) 
3.6 Stokes Number and Strouhal Number 
The Stokes Number is defined by 
S = J— = 10.35 (3.8) 
v 
where UJ — 6283.2 rad/s 
d = 0.5 x 10~3 m 
v = £ = 1.4667 x 10"5 m 2 / s 
The Strouhal Number is defined by 
St = ^ = 0 . 1 4 2 8 (3.9) 
where U — 22 m/s 
The Stokes and Strouhal Numbers are related by 
1 Re (3.10) 
3.7 Numerical Parameters 
The following runs have been defined and adjusted to validate with results from Rizzetta. 
C a s e 1 The first case investigated used the k — e turbulence model with a time step of 10~7s. 
From Figure 3.10, one can see that the centerline velocity at z = 0 is periodic but doesn't show 
any periodicity at z =15. 
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(a) Velocity profile z =5 
Figure 3.10: Centerline Velocity 
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(b) Velocity profile z = 15 
Rizzetta's results clearly shows a rotational vortex traveling down field. On the contrary, analyzing 
Figure 3.11, this case shows a large rotational flow "sitting" in the field around z = 15. A con-
glomeration of vortices that produces a large region of small positive vorticity is observed. This 
can explain the inharmony of the velocity at z =15. 
In conclusion, this flow is highly inaccurate and the turbulence model should be modified. 
Figure 3.11: Flow for k-e Turbulent Model 
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Figure 3.11: Flow for k-e Turbulent Model 
C a s e 2 Based on the previous results, the turbulence model was changed to BSL Reynolds Stress 
Turbulence Model. The time step was taken to 7 x 10_ 8s. 
From Figure 3.12(a) and 3.12(b), one can see that this flow is more accurate than the previous one. 
The velocity is periodic in both positions. 
Figure 3.11 shows that, contrary to the previous case, the flow is moving away from the actuator. 
The vortices are created at the exit of the orifice, grow until a new one is formed and dissipate as 
they go away from the actuator. 
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(a) Velocity Profile z =0 (b) Velocity Profile z = 5 
Figure 3.12: Centerline Velocity 
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(e) (f) 
Figure 3.11: Flow for BSL Reynolds Stresses Turbulent Model 
(a) The flow is coming out of the orifice and a vortex is created. 
(b) The vortex is going away from the orifice when the flow is still going out of the orifice. 
(c) The velocity at the orifice is zero. The flow is reversing. 
(d) The flow is then going inwards the cavity. 
(e) Another vortex is created inside the cavity when the one created outside continues its way 
away from the actuator following the centerline. 
(f) The velocity turns again to zero and a new phase will start. 
The next section compares those results to those of Rizzetta's. 
3.8 Comparison 
Figure 3.12 compares the non-dimensionalized velocity at the specific position z = 5 for one period. 
It clearly shows that the non-dimensionalized velocity at z = 5 when using BSL Reynolds Stresses 
turbulence model match Rizzetta's results. The non-dimensionalized velocity when using k-e is on 
the contrary very different. This confirms that the BSL Reynolds Stress turbulence model is more 
appropriate for this simulation. 
Figure 3.13 compares the velocity profile at the exit of the orifice for the 2 cases; the velocity 
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is non-dimensionalized. The BSL Reynolds Stress turbulence model shows more compatibility to 
Rizzetta's results than the k-e model. However values near the wall are not exactly as good as 
values closer to the centerline point. 
Research for this thesis have therefore been made with this model. This model constitutes the 
reference case for the other simulations that have been conducted during this research (scaling 
analysis and LEM comparison). 
• Rizzetta BSL Reynolds Stresses k-epsilon 
Figure 3.12: Comparison with Rizzetta's Results of the Centerline Velocity at z =5 
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Figure 3.13: Comparison with Rizzetta's Results of the Velocity Profile at the Orifice Exit 
3.9 Laminar Model 
An additional research was made to compare results using a laminar flow and the previously de-
termined turbulent flow model. 
The full run for Points 1 and 2 (z = 5 and z = 15) is shown in Figure 3.14. 
The following table presents the average velocity and thrust at the exit of the orifice. 
Table 3.4: Average Velocity and Thrust 
Average Velocity in (m/s) Average Velocity ont (m/s) 
-12.4502 12.5740 
Thrust (N) 
1.8173 x 10~(i 
It can be seen from Figure 3.15 that the velocity profiles at the exit of the orifice are almost 
identical. 
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Figure 3.14: Centerline Velocity vs Time 
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Figure 3.15: Comparison of the Exit Velocity Profile between Laminar and Turbulent Flow 
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Chapter 4 
Scaling Analysis 
This chapter focuses on the analysis of the scaling effect. Several sizes are investigated in order to 
compare the effect on the thrust and the average velocity. The mesh remains the same, the entire 
grid is multiplied by a scaling factor k. The boundary conditions are identical to the baseline case 
except the input velocity which depends on the frequency and the scale. 
4.1 Cases 
4.1.1 Dimensions 
Four cases are investigated, described in Table 4.1. They correspond to the baseline case as well as 
cases obtained from scaling the baseline case respectively by 1/21 1/A and !/io. 
The size of the cavity and the orifice is summarized below. The cavity depth is the length between 
the bottom of the cavity and the orifice. The orifice length and the orifice width are identical. 
Table 4.1: Scaling Analysis Cases 
Cavity Depth (m) 
Cavity Width (m) 
Orifice Size h (m) 
Baseline Case Case 1 Case 2 Case 3 
0.005 0.0025 0.00125 0.0005 
0.0075 0.00375 0.001875 0.00075 
0.0005 0.00025 0.000125 0.00005 
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4.1.2 Frequency 
It was seen previously that the Strouhal Number for the Baseline Case is 0.1428. Based on the 
Equation 3.9, we can define the frequency needed in each case to keep the same Strouhal Num-
ber. 
where d = 0.5 x 10 ~3 m 
St = 10.35 
U = 22 m/s 
So the frequency is 
When the size of the actuator is multiplied by the scaling factor k, then the length of the diaphragm 
is multiplied by k and the frequency should be divided by k. 
The following table summarizes the frequencies used in the next simulations. 
Table 4.2: Frequency (Hz) 
Baseline Case Case 2 Case 3 Case 5 
' 1000 2000 4000 10000 
4.1.3 Diaphragm Displacement 
The non-dimensionalized displacement of the diaphragm is defined by equation 3.1. Applying the 
appropriate frequency and dimensionalizing factor, the dimensionalized displacement equation is 
modified. The equations defining the displacement for each case are listed below. 
The displacement amplitude is multiplied by the scaling factor. 
stu 
2rrd 
(4.2) 
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Baseline Case z(t) = 2.05 x 10"4cos(6283.2£) 
Case 1 z(t) = 1.025 x 10~4cos(12566.4£) 
Case 2 z(t) = 5.125 x 10~5cos(25132.7£) 
Case 3 z(t) = 2.05 x 10~5cos(62831.9£) 
4 .1 .4 I n p u t V e l o c i t y 
As previously starting from equation Equation 3.6 and multiplying by the appropriate frequency 
and the dimensionalizing factor, the equations defining the velocity for each case are modified as 
below. 
Base l ine C a s e u(t) = 1.288 cos(6283.2£) 
Case 1 u(t) = 1.288 cos(12566.4£) 
Case 2 u(t) = 1.288 cos(25132.7f) 
Case 3 u(t) = 1.288cos(62831.9t) 
The velocity appears to have the same amplitude but a different frequency. 
4 .1 .5 R e y n o l d s N u m b e r 
The Reynolds Number is defined by 
Re = I?* (4.3) 
The Reynolds Number for each case is summarized in Table 4.3. 
Table 4.3: Reynolds Number 
Reynolds Number 
Baseline Case Case 1 Case 2 Case 3 
750 375 187.5 75 
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4.2 Numerical Parameters 
The runs were conducted with the BSL Reynolds Stress Turbulence Model. A small time step 
(7 x 10_ 8s) was used to start the simulation in order to get optimized values. As the simulation 
was running, the time step was slowly increased to improve the simulation speed. 
The mesh remains the same as the baseline case and the boundary conditions remain as defined in 
Chapter 3. 
The velocity is taken at 2 points. They are positioned on the centerline at the non-dimensionalized 
position z = 0 and z = 5 from the orifice exit. The coordinates of the points for each case are 
summarized in the Table 4.4. 
The graphs representing the centerline velocity for those 2 points can be seen in Appendix A. 
Table 4.4: Points 
z = 
z -
= 0 
= 5 
Baseline Case 
0.0055 
0.008 
1 and 2 z-coordinates (m) 
Case 1 Case 2 Case 3 
0.00275 0.001375 0.00055 
0.004 0.002 0.0008 
4.3 Results 
4.3.1 Exit Velocity 
Figure 4.1 compares the Case 3 to the Baseline Case. Because the frequency of the diaphragm is 
4 times higher, the period of Case 3 is 4 times smaller than the Baseline Case. 
However one can observe from Table 4.5 that the maximum velocity is almost the same for all cases 
because the input velocity amplitude is identical. 
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Figure 4.1: Centerline Velocity for the Baseline Case and Case 3 
Table 4.5: Maximum Velocity (m/s) 
Baseline Case Case 1 Case 2 Case 3 
^max 
^min 
(m/s) 
(m/s) 
26.9813 24.7766 25.344 27.1318 
-19.5223 -19.0315 -19.0486 -20.1590 
4.3.2 Averaged Velocity and Thrust 
Definition 
In order to compare the different cases and study the influence of the scaling, we calculate the 
average velocity and the thrust at the orifice exit. 
The space-average velocity is estimated from the numerical results as follows 
1 n 
l
^ = JJ-2T,uiArJ 
7 = 1 
(4.4) 
where h is the width of the orifice 
Uj is the velocity at point j 
Tj is the y-location of the point i from the orifice centerline. 
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The time- and space-averaged orifice exit velocity can be estimated using the space-averaged velocity 
over half a period. The average velocity of the flow going into the actuator is referred as Uin and 
the average velocity of the flow going out of the actuator is referred as U0ut-
^ m 
Calculations of thrust are performed by first estimating the time derivatives of momentum at the 
orifice exit over a period 
n 
M(t)=h/2^2PjUj\uj\Arj (4.6) 
where pj is the density, pj — p = constant 
Finally, the thrust is defined by 
1 m 
T=-^2M{U)Ati (4.7) 
2 = 1 
R e s u l t s 
Space-average velocity and time-derivatives of momentum are calculated using the previous equa-
tions. They can be seen in Appendix B. 
The calculated time- and space- average velocities and thrusts are shown in the following ta-
bles. 
Table 4.6: Average Velocity U 
Uin (m/s) 
U0ut (m/s) 
Baseline Case Case 1 Case 2 Case 3 
-12.3147 -12.1420 -12.5478 -13.2692 
12.6506 12.3018 12.0840 13.1903 
Table 4.7: Thrust T 
T (kg.mm/s2) 
Baseline Case Case 1 Case 2 Case 3 
3.6272 x 10"2 8.4047 x 10";:{ 2.1065 x 1 0 - 3 2.7750 x 10"4 
From Figures 4.2 and 4.3, one can see that the average velocity per unit length varies linearly with 
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the inverse of the scaling scaling factor. The thrust on the contrary varies with the orifice size 
squared. 
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Chapter 5 
Lumped Element Model Analysis 
5.1 Description 
5.1.1 Introduction 
At low frequencies, where the characteristic length scales of the governing physical phenomena are 
mush larger than the largest geometric dimension, the governing partial differential equations of 
the dynamic system can be "lumped" into a set of coupled ordinary differential equations. The 
equivalent circuit model is constructed by lumping the distributed energy storage and dissipation 
into ideal generalized one-port circuit elements. The resulting lumped-parameter system can there-
fore be represented as an equivalent electrical circuit possessing idealized discrete circuit elements 
and conjugate power variables for the equivalent voltage and current The structure of the circuit 
is explained by Ref [11] and [12]. 
Several assumptions are employed in the model: 
• The synthetic jet is assumed to exhaust into a semi-infinite quiescent air medium. 
• Compressibility effects in the orifice, but not in the cavity, are neglected. 
• The diaphragm is not subject to a mean differential pressure. 
3G 
5.1 .2 Equ iva l en t Circui t 
The equivalent circuit is presented in Figure 5.1. 
electrical"" • * acoustic/fluidic 
domain domain 
Figure 5.1: Schematic Representation and Equivalent Circuit Model 
of a Piezoelectric-driven Synthetic Jet 
In the notation, the first subscript denotes the domain (a for acoustic, e for electric) and the second 
subscript describes the element (D for diaphragm, N for neck, C for cavity, O for orifice). 
5.2 Matlab Code 
The Lumped Element Model Matlab code predicts the performance of both piezoelectric and elec-
trodynamic zero-net mass-flux actuators. It can analyze unimorph or bimorph diaphragms. In this 
thesis, a unimorph diaphragm is considered. 
Two observations can be made before comparing this model to the CFD model: 
• The location of the orifice with respect to the driver is arbitrary. 
• The shape of the cavity is arbitrary and doesn't effect the model prediction. 
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5.2 .1 I n p u t P a r a m e t e r s 
In the case of a piezoelectric transduction, three set of input parameters have to be completed 
before running the code. The values are listed in Tables 5.1 to 5.3. 
Table 5.1: Input Parameters of the Piezoelectric Diaphragm 
(a) Configuration 
Input Parameter Variable Name Value 
Diaphragm Configuration con fig-diaphragm unimorph 
Number of diaphragms rudiaphragm 1 
(b) Shim Properties 
Input Parameter Variable Name Value 
Young's Modulus 
Poisson's Ratio 
Density (kg/m3) 
Thickness (m) 
Diameter (m) 
(c) 
Input Parameter 
Young's Modulus (Pa) 
Poisson's Ratio 
Density (kg/m3 
(Pa) Es 
vs 
rhos 
ts 
Ds 
Piezoelectric Properties 
Piezoelectric Coefficient (m 
Relative Permittivity 
Thickness (m) 
Diameter (m) 
Damping 
m 
89.63 x l O - 9 
0.324 
8700 
2.14X10 -6 
4 x l 0 - 3 
Variable Name Value 
Ep 
Vp 
rhop 
d3i 
epsr 
tp 
Dp 
damping 
6.3 xlO1 0 
0.31 
7700 
-175xHT 1 2 
1750 
2.04 x l O - 6 
2.17xl0~ 3 
0.03 
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Table 5.2: Input Parameters of the Synthetic Jet Actuator 
Input Parameter Variable Name Value 
Transduction Scheme 
Orifice Type 
Orifice Impedance Model 
Nonlinear Loss Coefficient 
Cavity Width (m) 
Half of Orifice Length (m) 
Orifice Depth (m) 
Slot Width = Span (m) 
Cross-sectional Area of Cavity (m2) 
Voltage Amplitude (V) 
transduction 
typejorifice 
imodel 
Kd 
OQ 
L 
WcaV 
&cav 
Vac 
piezoelectric 
2D slot 
LEM Model 
1 
7.50 x l O - 0 3 
2.5xl0~ 4 
5 x l 0 ~ 4 
5.98 x l 0 ~ 4 
2 .99x l0 - 6 
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Table 5.3: Ambient Properties 
Input Parameter Variable Name Value 
Density (kg/m5) rhoair 
Kinetic Viscosity (m2 /s) kv 
Temperature (K) T 
Specific Heat Cp 
Permittivity (F/m) epsO 
1.352 
1.536X10-5 
299 
1.4 
8.85xHT1 2 
5.2 .2 N a t u r a l F r e q u e n c i e s 
The system possesses two resonant frequencies, f\ and f2, that are related to the short-circuit 
piezoelectric diaphragm natural frequency f& and the Helmholtz resonator frequency / / / . 
fD = i i 2TT V MCDCOD (5.1) 
h-k 1 2TT V (MaN + MaRad)CaC (5.2) 
where Ma£> is the mass of the piezoelectric composite diaphragm, 
CaD is the short-circuit effective acoustic compliance, 
Maj/v is the mass of the fluid in the neck, 
Cac is the acoustic compliance of the cavity, 
MaRad is acoustic radiation mass of the orifice. 
The frequencies / i and f2 respect the constraint defined by Equation 5.3 and ^ 2 = ff solves 
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Equation 5.4 where /? = ^ L G . 
AA = A>A/ (5-3) 
*
2
 - [/2 (1 + /?) + / 2 ] * + / £ / £ = 0 (5.4) 
The two roots of Equation 5.4 are the square of the natural frequencies of the synthetic jet f\ and 
f2 
5.3 Baseline Case 
The values in Tables 5.1(b) and 5.1(c) are chosen to match the Baseline Case. Two parameters 
have to be matched: the natural frequency of the diaphragm fp and the volume displaced by the 
diaphragm Vdiaph. 
The thickness and the diameter of both the shim and the piezoelectric are the parameters that are 
modified in order to create the LEM Baseline Model. The Elastic Modulus, Poisson's Ratio and 
Density are used by Case I of Gallas et al [12]. Piezoelectric and shim diameter and thickness are 
different than this case but ratios of shim diameter over piezoelectric diameter and shim thickness 
over piezoelectric thickness are identical to [12]. 
5.3 .1 V o l u m e D i s p l a c e d 
Unlike the CFD model's diaphragm, the LEM model's diaphragm is circular. The volume dis-
placed in both cases has to be identical. The volume displaced in the CFD model can be found 
from the displacement of the diaphragm (Equation 3.1). The displacement of the diaphragm non-
dimensionalized in the original numerical model with A = 0.41 is given by Equation 3.1. Multiplying 
by the length of the orifice 0.0005 m, the displacement becomes in meters 
zB = 0.000205 x s i n M ) (5.5) 
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Then 
Vdiaph = ZB X XL X Ldiaph (5.6) 
where xi = 0.0075 m 
•Ldiaph — ' X XL 
The volume displaced by the diaphragm is the LEM model can be calculated in the code by summing 
the displacement of each point of the diaphragm: 
i=n 
Vdiaph = 2TT J2 ( t t - i + yi)(ri - r2i-i) (5.7) 
where yi is the vertical displacement of the circular diaphragm at point i, 
r% is the radius at point i, 
5.3.2 Frequency 
The LEM model is comparable to the Baseline Case of the CFD model only if the natural frequency 
of the diaphragm is 1000 Hz. 
The span of the diaphragm and the thicknesses are the parameters adjusted to obtain the required 
frequency. 
Once the frequency is adjusted, the volumetric displacement calculated using the LEM is set as equal 
to the volumetric displacement calculated using 2D model. Therefore the span of the diaphragm 
can be found and can be input in the Matlab code in order to find the average velocity at the exit 
of the actuator versus the frequency. 
5.3.3 Results 
In this case, the average velocity for the diaphragm frequency of 1000 Hz is 12.65 m/s (Table 4.6) 
according to the CFX model. In the LEM code, the average velocity is 12.54 m/s as shown in 
Figure 5.2. 
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Figure 5.2: Output Average Velocity vs Frequency 
Two resonance frequencies are clearly visible: f\ = 486 Hz and f2 = 6717 Hz. The respective 
average velocities are Vouti — 24.17 m/s and Vout2 — 37.69 m/s . 
The span of the cavity in this case was found to be 5.98 x 1 0 - 4 m. 
The velocities at the resonance frequencies are highly dependent on the damping coefficient and 
the loss coefficient whereas the velocity at the natural frequency remains the same. Therefore it is 
necessary to be careful when choosing these values. 
These resonance frequencies are the ones that should be used in order to obtain the best average 
velocity at the exit of the orifice. However applying the frequency f\ or f2 to the CFX model 
would not provide the expected velocity. In the model, changing the frequency of the diaphragm 
is equivalent to changing the input velocity. The output maximum velocity varying linearly with 
the input velocity, the output velocity would be varying linearly with the frequency. This behavior 
was pointed out by Tang et al. [15] [16] when using a dynamic incompressible model. 
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The value of A in the displacement equation 3.1 was obtained considering the velocity of the moving 
boundary and the contraction ratio of the cavity [2]. This value considers that the velocity at the 
exit of the orifice and the velocity of the diaphragm are proportional and that the displacement of 
the diaphragm is the same at its resonance frequency or away from it. This explains the impossibility 
of the CFX model to predict the average velocity in the resonance modes. 
The average velocity obtained by the LEM for these particular frequencies can however been used 
to adjust the value of A in CFX and applied in further research. 
Tang and Zhong [17] calculate the peak-to-peak displacement at the center of the diaphragm using 
the theory of plates, and use that displacement to implement an inlet velocity in their Fluent model. 
This method allows the displacement to vary when the frequency of the diaphragm varies. 
However here since the frequency of 1000 Hz is the diaphragm natural frequency, the displacement 
of the diaphragm is the largest. This means that the coefficient A cannot be higher. 
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Chapter 6 
Scaling Analysis with the LEM 
In this chapter, the scaling analysis is conducted with the LEM model using the first values provided 
in Chapter 5. The Baseline Model is scaled by 1/2 and 2. 
6.1 Cases 
Tables 6.1 and 6.2 summarize the scaled cases. The parameters were obtained multiplying the 
cavity dimensions by the scaling factor. The span of the diaphragm was modified as well and the 
displacement of the 2D diaphragm could be calculated. 
Implementing the values from the following tables, it was found that the frequency was modified 
as predicted in Chapter 4. The volume displaced by the diaphragm in the LEM was also found to 
be equal to the volume calculated for the 2D diaphragm. 
6.2 Results 
Frequency Figure 6.1 represents the two resonance frequencies of each case and highlights their 
linear behavior with the inverse of the scaling factor k. As the size of the actuator gets smaller, 
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Table 6.1: Cavity Properties 
Piezo(l) / Electro(2) 
Orifice Model 
Orifice Impedance Model 
Nonlinear Loss Coefficient 
Cavity Cross-sectional Area (m2) 
Cavity Width (m) 
Orifice Depth (m) 
Half of Orifice Length (m) 
Slot Width = Span (m) 
Voltage Amplitude (V) 
Baseline Case 
1 
2 
1 
1 
2.99 x l O - 0 6 
7.50 x l O - 0 3 
5.00 x lO" 0 4 
2.50XHT0 4 
5.98 x lO" 0 4 
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Case 1 
1 
2 
1 
1 
3.74 x l O - 0 7 
3.75xl0~0 3 
2.50 x lO" 0 4 
1.25 x lO" 0 4 
2.99 x lO" 0 4 
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Case 2 
1 
2 
1 
1 
1.20 x lO" 0 5 
1.50xHT02 
1.00 x lO" 0 3 
5.00xl0-° 4 
1.20xl0-°3 
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Table 6.2: Piezoelectric Properties 
Unimorph(l) / Bimorph(2) 
Number of Diaphragms 
Young Modulus (Pa) 
Poisson Ratio 
Density (kg/m3) 
Thickness (m) 
Diameter (m) 
Young Modulus (Pa) 
Poisson Ratio 
Density (kg/m3) 
Piezoelectric Coefficient (m/V) 
Relative Permittivity 
Thickness (m) 
Diameter (m) 
Diaphragm Damping 
Baseline Case Case 1 Case 2 
Diaphragm Configuration 
1 1 1 
1 1 1 
Shim Properties and Dimensions 
8.963 x 101U 8.963 x 101U 8.963 x 10iU 
0.324 0.324 0.324 
8700 8700 8700 
2 .14x l0" 6 1.07xl0"6 4 .29xl0" 7 
4 x l 0 ~ 3 2 x K T 3 8 x l 0 " 3 
Piezoelectric Properties and Dimensions 
6 .30xl0 l u 6 .30xl0 l u 6 .30xl0 l u 
0.31 0.31 0.31 
7700 7700 7700 
-1.75X10"10 -1.75X10"10 -1.75X10"10 
1750 1750 1750 
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the frequency of the diaphragm as well as the resonance frequencies increase. 
/ = n x - (6.1) 
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Figure 6.1: Diaphragm Frequency and Resonance Frequencies 
Average Velocity The average velocity is obtained for the corresponding diaphragm frequency. 
As we can see in Figure 6.2. the average velocity is increasing when changing the scale. 
The following table summarizes the values of the average velocity for the resonance frequencies. 
We can see on Figure 6.2 that the highest value of the two resonance average frequencies remains 
the highest when scaling the model. 
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Figure 6.2: Maximum Average Velocity 
Vo^ma^l ( m / s ) 
VO W im a x2 ( m / s ) 
Baseline Case Case 1 Case 2 
24.17 113 6.427 
37.69 206.10 6.786 
Table 6.3: Maximum velocity at the resonance frequencies 
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Chapter 7 
Application 
In this chapter, LEM and CFX results are employed in application to the controlled separated flow 
over an airfoil. A grid representing a real airfoil with an actuator incorporated in it was created. 
The LEM model allows us to obtain the physical parameters of the actuator. 
7.1 CFX Parameters 
In this model the actuator was simplified to a simple orifice in the airfoil of the size of the orifice 
of the actuator. An inlet velocity U2(t) will be applied to the bottom of the orifice as illustrated in 
Figure 7.1. This velocity is found using the current CFX model. 
V.ut(tl 
u 
uzCty / 
Figure 7.1: Velocity 
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7.1.1 Dimensions 
Given the size of the airfoil, it was estimated that the orifice size should be equal to 0.005xc where 
c is the cord of the airfoil and is 0.2 m. So the orifice is 0.001 m. 
This size corresponds to 2 x d\yaseiinej0_ase. The scaling factor k is then 2. The dimensions of this 
case are displayed below. 
Table 7.1: Test Case 
Cavity Depth (m) 
Cavity Width (m) 
Orifice Size h (m) 
Baseline Case Test Case 
0.005 0.01 
0.0075 0.015 
0.0005 0.001 
7.1.2 Diaphragm Displacement and Input Velocity 
The frequency of the diaphragm should be divided by the scaling factor 2 so the frequency is 500 
Hz. The displacement is multiplied by 2 and is equal to 
u(t) = 0.0041 cos(3141.6f) (7.1) 
The input velocity becomes 
u(t) = 1.288 cos(3141.6£) (7.2) 
7.1.3 Reynolds Number and Strouhal Number 
The Reynolds Number is now 1500. 
The Strouhal Number remains equal to 0.1428. 
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7.1.4 Grid 
The grid was scaled by 2. Mesh adaption was executed on the mesh using the shear stress criteria as 
illustrated in Figure 7.2(a). Figures 7.2(b) shows the grid obtained and running the mesh adaption 
using the criteria of velocity and vicinity. The walls of the orifice and the orifice have been refined. 
It now has 340678 nodes and 594423 elements. Using the adaption in this case is important because 
the mesh used is the same as the previous cases but it was stretched by the scaling factor k = 2. 
However only a few iterations are sufficient to obtain an accurate mesh for the reasons discussed 
in Chapter 3. 
(a) Full grid 
(b) Orifice area 
Figure 7.2: Grid after refinement 
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However this high-defined mesh associated to the turbulent model required a high simulation time. 
A grid where the number of points was doubled in the cavity and the orifice areas was created but 
resulted in the same issue. The original grid could not solve the problem either. In Section 3.9, it 
was proven that the laminar model and the BSL Reynolds Stress Turbulent Model provide similar 
results in the orifice. The test case was then ran using the laminar model. 
7.2 CFX Results 
Below are the results obtained for the test case. 
Velocity Profiles Figure 7.4 and 7.5 represent the velocity profile at the entry of the orifice and 
at the exit. In each graph, the maximum velocity and the minimum velocity obtained on a period 
are represented as well as the average velocity. The velocity profile at the bottom of the orifice will 
be used in the previously presented model. 
0 0.001 0.002 feOOa 0.004 0.0O5 0.006 0 007 0 008 
Time <s) 
Figure 7.3: Exit Centerline Velocity 
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Figure 7.4: Velocity Profile at the Exit of the Orifice 
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Figure 7.5: Velocity Profile at the Bottom of the Orifice 
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Average Velocity and Thrust The average velocity at the exit of the orifice in this test case 
is presented in Table 7.2. 
Table 7.2: Average Velocity of the Test Case (m/s) 
v in v out 
-12.5772 12.2821 
The thrust generated at the exit of the orifice in this test case is 2.7750 x 10 4 kg.mm/s2 . 
7.3 LEM Parameters 
Tables 7.3 and 7.4 summarize the parameters used for the real case. The cavity dimensions are 
twice the baseline case. 
Table 7.3: Cavity Properties 
Piezo(l) / Electro(2) 
Orifice Model 
Orifice Impedance Model 
Nonlinear Loss Coefficient 
Cavity Cross-sectional Area (m2) 
Cavity Width (m) 
Orifice Depth 
Half of Orifice Length (m) 
Slot Width = Span (m) 
Voltage Amplitude (V) 
Cavity Properties 
1 
2 
1 
1 
1.20xl0-°5 
1.50 x lO" 0 2 
1.00 x lO" 0 3 
5.00xl0" 0 4 
1.20X10"03 
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Table 7.4: Piezoelectric Properties 
Unimorph(l) / Bimorph(2) 
Number of diaphragms 
Young Modulus (Pa) 
Poisson Ratio 
Density (kg/m3) 
Thickness (m) 
Diameter (m) 
Young Modulus (Pa) 
Poisson Ratio 
Density (kg/m3) 
Piezoelectric Coefficient (m/V) 
Relative Permittivity 
Thickness (m) 
Diameter (m) 
Diaphragm Damping 
Diaphragm Configuration 
1 
1 
Shim Properties and Dimensions 
8.963 xlO1 0 
0.324 
8700 
4 .29xl0" 6 
8.00xl0~3 
Piezoelectric Properties and Dimensions 
6.30X1010 
0.31 
7700 
-1.75X10"10 
1750 
4 .07x l0 - 6 
4.34XHT3 
0.03 
7.4 LEM Results 
Frequency The LEM model provides the following resonance frequencies. 
Table 7.5: Frequencies for Test Case 
Diaphragm Frequency Resonance Frequency 1 Resonance Frequency 2 
503 Hz 244 Hz 3353 Hz 
The graphs representing the frequency versus the scale can be seen the previous chapter. 
Average Velocity The average velocities obtained at each frequency is summarized in the fol-
lowing Figure. The two frequencies are visible. And one of the frequency should be the excitation 
parameter used to improve the average velocity. 
The graphs representing the average velocity versus the scale can be seen the previous chapter. 
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Figure 7.6: Average Velocity for the Test Case 
Results This chapter focused on the study of a test case based on the previous results obtained 
using Ansys-CFX and the LEM. The size of this model is twice the size of the original model. 
Velocity profiles were obtained at the entry and at the exit of the orifice using the laminar model 
on the original mesh scaled by 2. These results can be used in further research modeling the 
actuator on a profile. 
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Chapter 8 
Conclusion 
In this thesis, a CFD model was created using Ansys CFX that would be comparable to Rizzetta's 
results. An adapted mesh and an appropriate turbulence model were the key to obtain a good 
CFD model. 
This model was then used as a baseline model and was scaled by three scaling factors (1/2, !/4, 1/10). 
The dimensions of the model was scaled and the frequency of the input velocity was modified to 
keep the same Strouhal Number. The constant average velocity was observed and the linearity of 
the average velocity per unit length with the inverse of the scale was noticed. 
The Lumped Element Model was used to create a comparative model to the baseline CFD model. 
The adjustment of the many parameters to keep the volume displaced identical to the original 
model and the desired diaphragm frequency lead to obtain the same average velocity as the CFD 
model. 
A scaling analysis was conducted with the LEM model using the same scaling factor as for the 
CFX scaling analysis. The physical parameters and the input voltage were scaled by the scaling 
factors, and the parameters were adjusted to adapt the diaphragm frequency. 
The last part of the thesis consisted of applying these encouraging results to a real scale case. This 
case had a scaling factor of 2. CFX could provide velocity profile at the bottom of the orifice. 
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These results are very important and will be use in further research in modeling flow separation 
control on an airfoil using synthetic jets. The Lumped Element Model was used to predict the 
output average velocity and determine the resonance frequencies. One resonance frequency will be 
used in the model to obtained maximized velocity. 
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Appendix A 
Exit Velocity at points 1 and 2 
Figure A.l: Baseline Case 
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Figure A.2: Case 1 
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Appendix B 
Average Velocity and Time Derivatives of 
Momen tum 
B. l Average Velocity 
Figure B.l: Baseline Case 
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